Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. A model which treats spin diffusion and spin-lattice relaxation in multiphase polymers on the same footing is proposed. This new approach allows for more accurate determination of domain sizes and interfacial thickness in the probed polymers. In a poly͑styrene-b-isoprene͒ copolymer example a significant improvement in the agreement between the NMR measurements and the simulated results can be obtained with the incorporation of a spin-lattice relaxation term into the spin diffusion process. The obtained microphase structural parameters are similar to the small angle X-ray scattering results. In addition, the spin-lattice relaxation times ͑T 1 ) in different domains can be predicted reasonably well based on T 1 s of the component homopolymers and on the microphase structure in the present model.
I. INTRODUCTION
Most industrial polymer materials consist of more than one component. These components often form multiphase structures such as in block copolymers and some polymer blends. The physical and mechanical properties of the materials depend not only on the nature of the constituent polymers but also on how intimately they are mixed. There are several experimental methods for characterizing the domain sizes of each phase and the thickness of the interfacial region ͑the interphase͒. Commonly used tools include electron microscopy ͑EM͒, small angle X-ray scattering ͑SAXS͒, small angle neutron scattering ͑SANS͒, fluorescence spectroscopy, and solid-state NMR spectroscopy. EM provides a direct picture of the microphase structure of the sample. However, this technique often requires staining one of the components to obtain sufficient contrast. Moreover, EM has a normal resolution of about 10 nm so it is not suitable for characterizing fine structural features such as interfacial regions. Scattering techniques can be used to determine domain sizes in polymers, but to obtain information about interphase, deuterated samples are often needed. Solid-state NMR measurements of 1 H spin diffusion 1 offer a very powerful and convenient tool for studying the microphase structures of multiphase polymeric materials. It provides quantitative information about both domain sizes and interfacial thickness and requires no prior sample preparation or modification.
Since it was first introduced by Goldman and Shen, 2 spin diffusion has been exploited by several research groups [3] [4] [5] [6] [7] [8] to investigate the microphase structures in multiphase solid polymers. Polymers which display both crystalline and amorphous phases, 3, 4, 6, 7 polymer blends, 5, 9 block copolymers, 8, 10, 11 and core-shell polymers 12 have been investigated. Most of the above studies were based on the differences in molecular mobility in different phases. More recently, selection techniques exploiting the differences in chemical shifts have also been introduced 13, 14 and applied quite successfully. 8, 9, 14 The determination of domain sizes and interfacial thickness by spin diffusion is generally carried out through computer simulation. [6] [7] [8] 15 Models that capture the essence of the spin diffusion process have been proposed. Packer and coworkers 6 discussed the spin diffusion and spin-lattice relaxations in a multiphase homopolymer. Kimura et al. 7 simulated the 13 C NMR spectra in uniaxially oriented polyethylene films considering both spin diffusion and spin-lattice relaxation processes. The model used is limited to a lamellar geometry. More general models have been introduced by Clauss et al. 8 and Wang. 15 Spin diffusion in polymers consisting of phases with different proton concentrations, spin diffusion coefficients and various morphologies have been discussed. However, in the latter models, spin-lattice relaxation has not been explicitly treated. For systems consisting of phases with large intrinsic T 1 differences, spin-lattice relaxation has to be considered along with spin diffusion as they happen simultaneously and proceed at comparable rates.
In this article, we propose a refined general model which treats spin diffusion and spin-lattice relaxation on the same footing. The improvement over our previous model 15 will be illustrated by using a poly͑styrene-b-isoprene͒ copolymer as an example.
II. SPIN DIFFUSION AND SPIN-LATTICE RELAXATION IN MULTIPHASE POLYMERS
We focus our discussion on polymers consisting of two phases ͑or domains͒, A and B. The combined process of spin diffusion and spin-lattice relaxation as a function of the mixing time can be described by the following equations:
where c z A (r,t) and c z B (r,t) are the specific spin magnetizations, D A and D B are the spin diffusion coefficients, and T 1A and T 1B are the intrinsic spin-lattice relaxation times in A and B, respectively. c z ϱ refers to the equilibrium specific spin magnetization in the system. The above two equations should be solved with proper initial and boundary conditions as outlined in our earlier work. 15 The total spin magnetization in each domain, which is proportional to the NMR signal intensity, can be obtained conveniently by integrating the specific spin magnetization over the respective region, ⍀ A and ⍀ B ; i.e.,
where H A and H B are the proton concentrations in A and B, respectively.
Equations ͑1͒ and ͑2͒ are general for two-component systems where diffusion coefficients and T 1 s are constant in each of the domains. They can be applied to simulate spin diffusion as well as spin-lattice relaxation experiments by choosing the appropriate initial conditions.
A. Interphase treatment
The gradual change in composition crossing the phase boundaries is an important aspect of the microphase structure in heterogeneous polymers. The interfacial thickness greatly affects the mechanical performance of a polymer material and it is important that it can be determined accurately. In our earlier spin diffusion model, 15 the composition of the interphase is assumed to change linearly from one domain to another. This can be translated to a linear change of the spin diffusion coefficient and the proton concentration.
It is further assumed that the intrinsic relaxation rate (1/T 1 ) goes through a linear change within the interphase, i.e.,
where f A refers to the composition fraction of A.
B. Effects of spin-lattice relaxation on spin diffusion
In the spin diffusion experiment, spin magnetization in one of the domains (A) is selected either by a dipolar filter 2 or a chemical shift filter 13 and the spin magnetization in the other domain (B) is suppressed. Due to the dipolar interaction in the spin system, magnetization will transfer from A to B. As indicated in eqs. ͑1͒ and ͑2͒, the rate of magnetization transfer depends on the gradient of the specific spin magnetization as well as on other factors such as spin diffusion coefficients, domain sizes and interphase thickness. Also, variations in the relaxation times lead to uneven speeds of spin magnetization recovery and thus contribute to the gradient. Consequently, differences in intrinsic T 1 s between the two domains can either enhance or hinder the spin diffusion process. In the case where magnetization diffuses from A to B and A relaxes faster than B, the diffusion process will be speeded up as the faster spin-lattice relaxation in A produces an extra driving force for spin diffusion. If A relaxes more slowly than B, spin diffusion from A to B will be slowed down.
It should also be noted that spin-lattice relaxation and spin diffusion processes have different behaviors. The former is a typical exponential with respect to mixing times whereas the latter increases linearly in t 1/2 at short mixing times. 8 Therefore, without including the T 1 effects adequately, one will not be able to determine reliably the domain sizes and interphase thickness.
C. Effects of spin diffusion on spin-lattice relaxation
The existence of spin diffusion will likewise affect the spin-lattice relaxation in multiphase polymers. If the conventional spin-lattice interaction is viewed as the direct relaxation mechanism, spin diffusion, which is mediated via dipolar interactions, can be considered as an indirect relaxation mechanism. This indirect relaxation process tends to eliminate the differences in magnetization distribution across the entire system and thus leads to an averaging effect on the spin-lattice relaxation processes in different domains. Indeed, if spin diffusion proceeds sufficiently fast, a multiphase polymer would display only a single T 1 . As the spin diffusion process depends on the microphase structure, the observed T 1 s for a heterogeneous system also contain information about domain sizes and interfacial thickness. Hence, the T 1 experiment can be employed to predict the microphase structure of a heterogeneous polymer. When simulations on both spin diffusion and T 1 experiments are carried out, the reliability of the fitted microphase structural parameters can be greatly increased.
III. EXPERIMENT
To illustrate the above points, we present the modeling of spin diffusion and spin-lattice relaxation in a poly͑styrene-b-isoprene͒ ͑PS-b-PI͒ diblock copolymer. 16 The molecular weight of the copolymer is 62 kg/mol. The volume fraction for the PS phase is 11%. The proton concentrations in PS and PI are 0.081 and 0.107 g/cm 3 , respectively. The diffusion coefficients were chosen to be 0.80 nm 2 /ms ͑Ref. 8͒ for the PS phase and 0.05 nm 2 /ms ͑Ref. 17͒ for the rubbery PI phase. T 1 s for the homopolymers with similar molecular weights to those in the copolymer were measured to be 1650 ms for PS and 290 ms for PI. 18 Based on the assumption that molecular motions in the homopolymers and in the copolymer are similar, the T 1 s measured in the homopolymers were taken as the intrinsic T 1 s for the components in the copolymer. The system most likely has a three-dimensional morphology, as suggested by the PS volume fraction. The measurements of 1 H spin diffusion and 1 H T 1 relaxation times were collected via cross-polarization to 13 C on a Bruker ASX-200 spectrometer operating at 50.3 MHz. In the spin diffusion measurement, magnetization in the PS core was suppressed using a dipolar filter pulse sequence 19 and the recovery of NMR signals in PS was monitored. The spin diffusion data were obtained by a simple phase cycle of pulses before the mixing time in which the magnetization in PS was stored alternately between ϩz and Ϫz.
1 A further correction with a factor of exp(t m /T 1 ) (T 1 is the observed spin-lattice relaxation time for the PS phase͒ has been carried out for the collected data. The T 1 s for the PS and PI domains in the copolymer were determined to be 460 and 330 ms, respectively. The small angle X-ray scattering measurement of the above sample, which was analyzed assuming a twodomain structure, indicated that PS forms spheres of 16.4 nm in a body-centered-cubic lattice. 16 The interspherical distance was found to be 30.2 nm. The above data can be converted to an equivalent cube of 13.2 nm for the PS domain and 26.7 nm for the long cubic period.
IV. RESULTS AND DISCUSSION

A. Domain sizes in the copolymer
Previous models without spin-lattice relaxation 15 have been used to simulate the spin magnetization recovery in the PS region. The PS domain size used for the simulation was chosen to be 13.2 nm as suggested by the small angle X-ray scattering measurement and the theoretical prediction of configurational statistics. 18 The simulated results ͑solid curve͒ are shown in Fig. 1 along with the experimental data ͑solid dots͒. It is evident that large discrepancies exist. The model predicts a much slower recovery of spin magnetization than observed from experiment.
The copolymer contains PS and PI. The PS phase has a much slower spin-lattice relaxation process than the PI phase. The T 1 differences between the two phases will generate an extra gradient and thus enhance the spin diffusion. The same domain parameters were used for the refined model with the measured intrinsic T 1 for PS ͑1650 ms͒ and for PI ͑290 ms͒. The simulated results and the experimental data are presented in Fig. 2 . We notice immediately that the new simulation produces a much better agreement with the experiment. It catches the essential features, i.e., that spin diffusion happens quite rapidly and reaches equilibrium around 225 ms (t 1/2 ϭ15 ms 1/2 ). The deviations between the simulation and the experiment are about 10%.
B. The interfacial thickness
The remaining discrepancy is due to the existence of an interphase in this copolymer. As pointed out before, 20 the presence of an interphase causes a slow increase of the NMR signal at short mixing times and an earlier equilibration for the spin diffusion process. This results in a sigmoidal behavior for the spin diffusion curve. We included a 2.4 nm interphase into the model and adjusted the pure PS cubic core to be 9 nm. The simulated signal intensities are shown as a solid curve in Fig. 3 . They agree with the experiment ͑solid dots͒ very well. The deviations are within 5%. Moreover, the deviation is quite insensitive to the mixing times, in contrast to earlier observations 17, 20 where deviations increase at longer mixing times. The simulated long cubic period was found to be 24.6 nm, also close to the small angle X-ray scattering value of 27.6 nm based on a two-phase model in a body-centered-cubic lattice.
An interphase of about 2 nm has been found quite common to this type of copolymers. 15, 20 Tanaka and Nishi   22 found that the interphase to be 2.6 nm for a PS-b-PI copolymer of a different molecular weight by studying the spin-spin relaxation behavior. The earlier small angle X-ray scattering 23 and small angle neutron scattering 24 estimated a 2 nm interphase in similar systems. As mentioned earlier, interphase thickness is a very important structural parameter for multiphase polymers. However, its accurate determination by spin diffusion was complicated before due to the neglection of spin-lattice relaxation. The inclusion of interphase leads to an initial slow increase and an early saturation of the PS magnetization. It causes the spin diffusion curve to have a pseudo-exponential behavior, similar to the exponential behavior of spin-lattice relaxation processes. Therefore, without treating the T 1 effects properly, one would be forced to use an overestimated interphase to simulate the experimental data. In fact, we could simulate the above experiment with a PS core of 3 nm and an interphase of 5 nm with the previous model. 15 But deviations become fairly large ͑about 20%͒ at longer mixing times as shown by the dashed curve in Fig. 3 . Furthermore, the long period obtained, 18.6 nm, is too short compared with the small angle X-ray scattering value.
C. T 1 s in the copolymer
We have also simulated the T 1 relaxation process under the presence of spin diffusion using eqs. ͑1͒ and ͑2͒. With the microphase structure determined above, the simulated T 1 for the PS domain was found to be 420 ms and for the PI domain to be 310 ms, in good agreement with the measured values of 460 ms for PS and 330 ms for PI.
Based on the above analysis, we believe that both spin diffusion and spin-lattice relaxation are important for the understanding of microphase structure in multiphase polymers. When they are used together, a more accurate determination of domain sizes could be achieved. Moreover, the existence of an interphase will be more evident and the thickness of the interphase can be predicted more accurately by the new model as the uncertainties associated with T 1 corrections are lifted.
In the earlier model, 8 symmetries in the governing equations of spin diffusion have been observed. It has been suggested that it is irrelevant for the determination of microphase structures which phase has been initially selected in the spin-diffusion experiment. Due to the T 1 effects, symmetries between the two phases are lifted except for the obvious case when different phases have the same intrinsic T 1 . Magnetization growth will depend on which component is selected. To illustrate this point, we have included the simulation in Fig. 4 for PI detection using the domain size of 13.8 nm for PS. The dotted curve was based on the earlier model 8, 15 and was thus identical to the one presented in Fig.  1 for PS detection. Once spin-lattice relaxations were included in the model, magnetization recovery in the PI phase has been found to be slowed ͑solid curve in Fig. 4͒ , an opposite trend compared to that in the PS detection case ͑cf. Fig. 2͒ . By the same argument, the T 1 effects would also have an impact on the validity of the initial rate approximation. 8 The approximation was derived by considering only the diffusion process. Since the differences in intrinsic T 1 s also contributes to the initial slope of the spin diffusion curve, one has to use caution in the application of the relation.
V. CONCLUSIONS
A new model, which treats spin diffusion and spinlattice relaxation in heterogeneous polymers on the same footing has been discussed. This new approach improves the description of spin diffusion in multiphase polymers. It has been shown that significant improvement in the agreement between NMR measurements and the simulated results can be obtained after incorporating spin relaxation processes into the spin diffusion simulation. The domain sizes obtained with the new model compare well with those from small angle X-ray scattering measurements. Using the refined model, the spin-lattice relaxation times ͑T 1 ) in different phases can be predicted quite well based on the T 1 s of constituent homopolymers and the microphase structures from the spin diffusion simulation.
The present model should be found especially useful for the systems consisting of two domains having large T 1 differences. With the incorporation of T 1 effect, interphase can be studied more accurately as other uncertain factors are removed. Also, the capability to predict the observed T 1 s for a heterogeneous polymer with a set of given domains extends the applicability of the NMR technique and may allow T 1 and T 1 measurements to be used in determining microphase structures. When combined with spin diffusion experiments, they can increase the confidence in the determined domain sizes and interfacial thickness in multiphase polymers. 
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